Recent studies indicate that CTLA-4 interaction with B7 ligands transduces an inhibitory signal to T lymphocytes. Mice homozygous for a null mutation in CTLA-4 have provided the most dramatic example of the functional importance of CTLA-4 in vivo. These animals develop a fatal lymphoproliferative disorder and were reported to have an increase in CD4 ؉ and CD8
Optimal T cell stimulation requires, in addition to the T cell antigen receptor (TCR) signal, a second costimulatory signal. CD28 is the primary costimulatory molecule on T cells (1) . Conversely, the CD28-homologue CTLA-4 recently has been shown to have a negative regulatory role in T cell activation (2) . CD28 and CTLA-4 recognize common ligands, namely B7.1 and B7.2. Blocking CTLA-4͞B7 interactions with anti-CTLA-4 antibody or anti-B7 antibodies in the presence of TCR and CD28 signaling was found to augment T cell proliferation (3, 4) . Further, crosslinking TCR, CD28, and CTLA-4 resulted in a dramatic inhibition of T cell proliferation and cytokine secretion, due to the prevention of progression from G 1 to S͞G 2 stages of the cell cycle (5, 6) . These results suggested that CTLA-4 regulated immune responses by inhibiting proliferation of activated T cells and͞or by attenuating the TCR and CD28͞B7 signals during the initiation of T cell activation. The critical role for CTLA-4 in down-regulating T cell responses is demonstrated in the CTLA-4 Ϫ/Ϫ mice, which develop a rapid and fatal T cell lymphoproliferative disorder (2, 7, 8) . A large proportion of the splenic and lymph node T cells in these mice have properties of activated cells: They are CD69 ϩ , CD25
ϩ , CD44 hi , CD62L lo , and CD45RB lo , and proliferate and secrete cytokines spontaneously ex vivo (2, 7, 8) .
Dramatic alterations in the thymocyte subpopulations, including an increase in the CD4 ϩ and CD8 ϩ single positive (SP) thymocytes and CD4 Ϫ CD8 Ϫ double negative (DN) thymocytes, and a decrease in the percentage of CD4 ϩ CD8 ϩ double positive (DP) thymocytes also were reported to occur in CTLA-4 Ϫ/Ϫ mice (7, 8) . It was proposed that alterations in thymocyte development, possibly affecting the TCR repertoire and͞or the TCR signaling, result in altered production of mature thymocytes, and ultimately lead to the phenotype in the periphery of the CTLA-4 Ϫ/Ϫ mice. Alternatively, these abnormalities may be secondary to the peripheral T cell expansion, resulting in infiltration of the activated peripheral T cells into the thymus and͞or stress-induced death of immature thymocytes. It is important to distinguish between these possibilities to determine the etiology of the lymphoproliferative disorder in the CTLA-4 Ϫ/Ϫ mice and to fully understand the function of CTLA-4.
Immature thymocytes undergo positive and negative selection upon TCR ligation, which results in clonal survival or apoptosis, respectively, to generate the peripheral TCR repertoire. Maturation of the TCR͞CD3 signal to generate a proliferative rather than an apoptotic response also occurs during thymic development (9) . Because costimulatory molecules have a critical influence on the outcome of TCR engagement on mature T cells, their possible role in thymic development is an intriguing question. CD28 is expressed on the surface of murine thymocytes (10) , suggesting that it may play a role in thymic selection and͞or maturation. CD28͞ CTLA-4 ligands, B7-1 and B7-2, also are expressed in the thymus, particularly on the medullary epithelial cells and thymic dendritic cells throughout development (11) (12) (13) (14) . A role for CD28͞B7 costimulatory interactions in thymocyte differentiation has been shown by some (13, (15) (16) (17) (18) , but not others (19) (20) (21) (22) . Also, no overt defects in thymocyte development were detected in CD28 Ϫ/Ϫ (23) and B7-1 Ϫ/Ϫ (24) animals. On balance, it appears that CD28͞B7 interactions are not essential for thymocyte development.
Because CTLA-4 transduces an inhibitory signal on peripheral T cells, it could play a novel role in thymocyte development, possibly by dampening the TCR signal transduced by TCR's with high affinity for self-major histocompatibility complex antigens. Alternatively, CTLA-4 engagement during thymocyte development may ensure that TCR signaling provides a maturation versus an activation signal. There has been some uncertainty concerning CTLA-4 expression in the thymus. CTLA-4 mRNA transcripts have been detected by Northern blot analysis in thymocytes ex vivo (ref. 25 ; M. Krummel and J.P.A., unpublished data) and in thymocytes activated in vitro (25) . Although cell surface protein expression has been difficult to detect, CTLA-4 recently has been reported to be expressed at low levels on thymocytes ex vivo (26) . In any event,
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CTLA-4 is largely restricted to intracellular sites (27, 28) , and cell surface expression is not an indicator of the presence of functionally relevant levels (2, 5) .
In this study we have investigated the etiology of the apparent phenotypic alterations in the thymocytes of CTLA-4 Ϫ/Ϫ animals. We first assessed the stage of T cell development at which abnormal T cell activation occurs in the CTLA-4 Ϫ/Ϫ mice. Analysis of fetal and newborn thymi demonstrated that there was no alteration of the thymocyte subsets, and that the onset of the lymphoproliferative disorder in the periphery occurred before any phenotypic changes in the thymus. Further, if the grossly enlarged parathymic lymph nodes were separated from the thymic tissue, no phenotypic alterations in the thymocytes were seen until the animals were extremely ill. Second, we tested to see if an increased production of SP thymocytes contributed to the expansion of the peripheral T cell compartment. Incorporation of thymidine analog bromodeoxyuridine (BrdU) in vivo demonstrated that there was no alteration in the production of thymocytes in the CTLA-4 Ϫ/Ϫ animals. Third, we tested whether the TCR-mediated signals were normal in the immature and mature thymocytes. The ability of the immature DP and mature CD4 ϩ SP thymocytes to respond to TCR signaling, as determined by anti-CD3-induced apoptosis and the modulation intracellular calcium, was not modified in CTLA-4 Ϫ/Ϫ thymocytes. These results indicate that thymocyte differentiation is normal in CTLA-4-deficient mice and suggest that CTLA-4 does not play a critical role in thymocyte development. Rather, its primary function appears to be to modulate T cell activation in mature T cells and maintain T cell homeostasis in the periphery.
MATERIALS AND METHODS

Targeting Construct and Generation of CTLA-4
؊/؊ Animals. The CTLA-4 gene was cloned from isogenic 129 genomic DNA library, using the 1.4-kb BamHI fragment of the cDNA as the probe. The 5Ј 4.3-kb BamHI and 3Ј 2.2-kb fragments were subcloned into pKSNT. Neomycin phosphotransferase cDNA driven by the pgk promoter (29) was cloned into the BamHI site of exon 3 in the opposite transcriptional orientation. Pgk-thymidine kinase cDNA (30) was inserted 5Ј of the region of homology. The vector was introduced into embryonic stem cell R1, as described (31), and cells containing the homologous recombinant event were identified by Southern blot analysis (data not shown). Animals homozygous for the mutation were generated and maintained in microisolators in accordance with the Animal Care Regulations of the University of California at Berkeley. The day of plug was designated day 0 of gestation (E0) for timed pregnancies.
Reagents. BrdU was purchased from Sigma, and Indo1acetoxy-methyl ester and 4Ј-6-diamidino-2-phenylindole were obtained from Molecular Probes. Anti-CD4-PE, anti-CD44- FACS Analysis. Single cell suspensions and FACS samples were prepared as described (5) . The samples were washed and run on an XL (Coulter), and 40,000 events͞sample gated on live cells were collected.
In Vivo BrdU Labeling. Newborn mice were injected with 0.1 ml of 10 mg͞ml BrdU i.p. twice (9 hr apart) and killed 12 hr later. BrdU incorporation was detected as described (34) . Calcium Flux. Thymocytes (8 ϫ 10 6 cells͞ml) were incubated with Indo-1 (3 M) for 30 min at 37°C. The cells were labeled with anti-CD4-PE, CD8-TC, and anti-CD3 or control antibody 560. Once the baseline fluorescence ratio was established, the calcium flux in response to anti-CD3 or 560 crosslinked by anti-hamster antibody (55 g͞ml) was determined. Indo-1 was excited by UV light on an ELITE IV flow cytometer, with ratio of F UV405 (Ca2 ϩ -chelated)͞F UV525 (free) vs. time was recorded and data (Ն 80,000 events͞sample) was collected for 5 min.
DNA Analysis. Thymocytes (4 ϫ 10 6 cells͞well) were incubated in 6-well plates coated with anti-CD3 (10 g͞ml) or control antibody 560 for 16-18 hr at 37°C. The cells were labeled with anti-CD4 and anti-CD8 antibodies, fixed with 70% ethanol and stained with 4Ј-6-diamidino-2-phenylindole (10 g͞ml in PBS, 0.6% Nonidet P-40), which binds to A and T nucleotides. The samples were analyzed using UV excitation, and measurements were made at 460 nm. Fifty thousand events͞sample were collected and analyzed using the MULTI-CYCLE program.
RESULTS
Generation of CTLA-4-Deficient Mice. Mice homozygous for the mutation in the third exon of CTLA-4 developed a lymphoproliferative disorder (2), similar to previous reports (7, 8) . The majority of the T cells are activated in vivo, and the mice die at 3 to 4 weeks of age, presumably due to the infiltration of lymphocytes into the vital organs.
One of the striking phenotypic changes originally described in these animals was the apparent increase in the SP and DN thymocytes and decrease in the immature DP thymocytes (7, 8) , as shown in Fig. 1a . Interestingly, a large percentage of the DN cells are B220 ϩ (Fig. 1b) Ϫ/Ϫ animals older than 12 days of age appeared to have an altered morphology. Also, the presence of conventional B cells in the cell suspensions (Fig. 1b) is reminiscent of lymph nodes. Because the peripheral LNs are enlarged by this age, it is possible that the parathymic LNs also increase in size. To determine whether this occurred, intraperitoneal injection of India ink 20 min before euthanasia was used to distinguish the thymus from the parathymic LNs (36) . There is a dramatic increase in the size of the parathymic LNs in the CTLA-4 Ϫ/Ϫ mice ( Fig. 2A) . In fact, the thymic subsets in the CTLA-4 (Fig. 2B) . Further, thymi with only a 2-to 3-fold increase in SP populations were observed in animals Ͼ3 weeks of age. These results indicate that the earlier reports of phenotypic alterations in the thymi (7, 8) were probably due to the inclusion of parathymic LN. In extremely sick mice, there was an increase in the percentage of SP T cells even in the thymus proper (data not shown), probably due to infiltration of peripheral lymphocytes. Decreased thymic cellularity also was observed in the visibly ill animals, although it was not possible to accurately determine the cell numbers due to the difficulties in completely dissecting away the parathymic LN from the thymic lobes at this stage. Normal Thymocyte Development During Fetal Ontogeny and in Neonates and Young CTLA-4 ؊/؊ Mice. These results suggested that there was no primary defect in thymocyte development. To investigate this further, thymic development was examined from day 14.5 of gestation (E14.5) until 3-4 weeks of age. Fetal thymi obtained from timed pregnancies were analyzed individually for the expression of diagnostic surface antigens and genotyped by Southern blot analysis. Fetal liver progenitor cells seed the fetal thymus at E12, and differentiate into progenitor T cells (DN, CD3 Ϫ , CD44
ϩ , c-kit ϩ , CD25 ϩ ; ref. 37). These cells become CD44 Ϫ , CD25 Ϫ , commence TCR gene rearrangement, and undergo lineage commitment (38) . ␥␦TCR ϩ thymocytes are the first detectable TCR͞CD3 ϩ thymocytes (39) . The majority of the thymocytes become committed to the ␣␤TCR lineage and up-regulate CD4 and CD8. By E16, DP thymocytes are actively rearranging the ␣␤TCR receptors and become TCR lo . The cells undergo selection, mature to CD4SP or CD8SP ␣␤TCR hi and begin to emigrate from the thymus at rates similar to adults by approximately day 3-5 after birth (40) .
Fetal thymi from litters at E14.5, E16.5, and E18.5 were analyzed. There were no alterations during early thymic differentiation at any of the major developmental check points, as defined by antibodies to cell surface markers including CD44, CD25, and CD117 (data not shown), CD4, CD8, CD69, and ␥␦ TCR, ␣␤ TCR expression in the CTLA-4 Ϫ/Ϫ and CTLA-4 ϩ/Ϫ embryos compared with the wild-type controls (representative data shown in Fig. 3A) . Thymocytes from newborn (4-10 days of age) and young (11-28 days of age) mice also were examined. The distribution of the cells in the thymic subsets remained normal until approximately 11-13 days of age (as assessed by the expression of Sca-1, CD4, CD8, CD69, CD25, CD5, ␣␤TCR, CD44, CD62L, CD28, and CD45RB; representative data shown for 11-day-old animals in Fig. 3B ) by which time the peripheral T cells already were undergoing dramatic activation and expansion. There was no alteration in the ␣␤TCR repertoire of the thymocytes or peripheral T cells between the littermates and the CTLA-4 Ϫ/Ϫ animals (assessed by anti-TCR V␤2, 3-, 5-, 6-, 7-, 8-, 9-, 11-, 13-, and 14-specific antibodies; data not shown).
Cell Division of Thymocyte Subsets Is Unchanged in the Absence of CTLA-4. Although the thymic subsets appeared normal phenotypically in the CTLA-4 Ϫ/Ϫ mice, an increased rate of production of thymocytes could contribute to the expansion of the peripheral T cell compartment. To investigate this possibility, in vivo cell division analysis was performed by measuring BrdU incorporation. There was a high incorporation of BrdU in the DP thymocytes of 11-day-old wild-type and CTLA-4 Ϫ/Ϫ mice (Fig. 4A) , consistent with previous reports that DP cells have a high rate of division (34, 41, 42) . Also, there was an extremely high rate of cell division in the CD8 SP thymocytes, due to the high proliferative rate of the CD3 Ϫ CD4 Ϫ CD8 ϩ progenitor T cells present in this population (42, 43) . Interestingly, there was no difference in the percentage of BrdU ϩ cells in any of the thymocyte populations in the CTLA-4 Ϫ/Ϫ versus littermate control animals, including the mature TCR hi SP population (Fig. 4A) . Also, thymocyte turnover was unaltered in the CTLA-4 Ϫ/Ϫ animals, as determined by BrdU pulse-chase experiments (unpublished data). Conversely, there was a dramatic 3-to 4-fold increase in the BrdU ϩ splenic T cells in these CTLA-4 Ϫ/Ϫ mice compared with the littermate controls (Fig. 4B) .
TCR-Elicited Calcium Flux Is Normal in CTLA-4 ؊/؊ Thymocytes. TCR crosslinking initiates a number of biochemical events, including a transient increase in intracellular calcium concentrations (44) . Further, the ability to modulate intracellular calcium changes during thymocyte maturation (45) . To determine if there was an alteration in the TCR signaling in these thymocytes and to assess if the maturation of the TCR signal was altered in thymocytes from CTLA-4 Ϫ/Ϫ animals, the TCR-signaling capacity of the thymocytes was assessed by proximal and distal responses, namely anti-CD3-induced calcium flux and apoptosis, respectively. CD3-crosslinking resulted in a similar intracellular calcium flux in the CTLA-4 Ϫ/Ϫ thymocytes as compared with the littermate control animals (representative data from five independent experiments are shown in Fig. 5 ). This was true for both the DP thymocytes (Fig. 5A) , which include cells undergoing selection and mature (Fig. 5B) , which have undergone thymic selection and will emigrate to the periphery. The calcium responses were comparable in latency, magnitude, and duration.
Anti-CD3-Induced Apoptosis of Thymocytes. Anti-CD3-induced apoptosis was examined to further determine if TCR signaling was altered in the immature and mature thymocytes from the CTLA-4 Ϫ/Ϫ animals. Representative results of four independent experiments are shown in Table 1 . DNA analysis by 4Ј-6-diamidino-2-phenylindole labeling demonstrated that there was no difference in the percentage of the thymocytes in cell cycle ex vivo, supporting the results with BrdU incorporation in vivo. Further, there was no difference in the percentage of DP or CD4SP thymocytes that underwent apoptosis upon CD3 crosslinking between the CTLA-4 Ϫ/Ϫ and littermate control mice (Table 1) . Overnight incubation with immobilized anti-CD3 antibody also induced CD5 and CD69 expression and down-regulated CD4 and CD8 expression (15, 46 -48) to equivalent levels on CTLA-4 Ϫ/Ϫ and control thymocytes (data not shown), further demonstrating that the TCR-induced responses are not altered in the CTLA-4-deficient thymocytes. Thymocytes from 11-day-old animals were stained with antibodies to CD4, CD8, and the indicated cell surface markers. The expression on (a) total thymocytes and (b) DP thymocytes is shown. The number of embryos͞animals analyzed at each time point were: E14.5 ϩ͞ϩ n ϭ 2, ϩ͞Ϫ n ϭ 3, Ϫ͞Ϫ n ϭ 4 (data not shown); E16.5 ϩ͞ϩ n ϭ 1, ϩ͞Ϫ n ϭ 5, Ϫ͞Ϫ n ϭ 4; E18.5 ϩ͞ϩ n ϭ 2, ϩ͞Ϫ n ϭ 3, Ϫ͞Ϫ n ϭ 4; D11 ϩ͞ϩ and ϩ͞Ϫ n ϭ 9, Ϫ͞Ϫ n ϭ 8. 
DISCUSSION
Previous reports have suggested an important role for CTLA-4 in thymocyte differentiation, based on the phenotypic changes in the thymocytes in CTLA-4 Ϫ/Ϫ mice. There are at least two explanations for these observations: CTLA-4 is critical for normal thymocyte differentiation; or, alternatively, the apparent abnormalities in the thymic subset distribution are secondary events resulting from the thymus being infiltrated by activated peripheral T cells or impairment of thymocyte development by stress-induced alterations in the thymic milieu. Our results clearly show that there is no primary defect in thymic development in the absence of CTLA-4, either at the phenotypic or functional levels. Further, we show that the reported early changes of the thymocyte subsets may have been due to inclusion of parathymic LNs. The results also suggest that infiltration of peripheral T cell blasts into the thymi is principally responsible for the phenotypic changes observed in visibly ill CTLA-4 Ϫ/Ϫ mice. This infiltration may be nonspecific, because activated T cells also are found in a number of nonlymphoid tissues, including the lung, heart, liver, and skin. Alternatively, activated T cells may preferentially home to the thymus as has been shown to occur in the thymi of normal animals (49) . It has been proposed that blast cell thymic homing may function to introduce novel self-antigens into the thymus (50) or provide a feedback mechanism to decrease the production of SP thymocytes (51) .
Approximately 1 ϫ 10 6 SP thymocytes per day normally emigrate from the thymus and contribute to the pool of mature resting T cells (52) . These recent thymic emigrants undergo further maturation in the periphery before becoming mature naive peripheral T cells (34, 53) . The requirements for this maturation and specifically, the role of costimulatory molecules in this process has not been established. Our results suggest that there is no difference between the CD4 SP thymocytes in the CTLA-4 Ϫ/Ϫ and the control animal, yet activated T cells can be detected as early as 5 days of age (unpublished result), suggesting that the T cells become activated almost immediately once in the periphery. It is becoming increasingly evident that TCR-mediated signals in peripheral T cells are modified by positive and negative signals, and that the resultant response is a culmination of these signals. Much less is known concerning the possible accessory signals influencing TCR signaling, particularly inhibitory signals, during thymocyte development. Recently, it was demonstrated that CD5-deficient thymocytes are hyperresponsive to TCR-mediated responses. Peripheral T cells, on the other hand, appeared normal in these animals (54) . Results presented here demonstrate that CTLA-4 may influence the TCR signals in an opposing manner to that of CD5. Thus, molecules modifying TCR signals during T cell development may be distinct from those regulating peripheral T cell activation.
Collectively, these results show that thymic development proceeds normally in the CTLA-4-deficient mice and strongly suggest that the lymphoproliferative disorder evident in these mice primarily initiates in the peripheral T cell compartment. It remains to be determined if the abnormal T cell activation is due to the inability to regulate ongoing antigen-specific T cell responses, or if the absence of CTLA-4 alters the TCR threshold necessary to initiate activation of mature T cells. It will be important to identify the stage in T cell development͞ maturation at which TCR signals and T cell activation can be influenced by the CD28-and CTLA-4-mediated signals and how these signals are integrated with the TCR signaling pathway.
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